Abstract-A versatile, computationally efficient two-dimensional (2D) speckle-tracking method based on high resolution ultrasound imaging is proposed to quantify regional myocardial dysfunction in mice. Ultrasound scans were performed on the hearts of normal and post myocardial infarction (MI) mice with a Vevo770 scanner (VisualSonics, Toronto, Canada) operating at 30 MHz frequency. Regional myocardial motion was tracked using a 2D minimum sum of absolute differences (MSAD) block-matching algorithm. Motion analyses calculated from ultrasound images were compared with gold-standard analyses performed using small animal magnetic resonance imaging (MRI). The radial and circumferential components of strain were compared between ultrasound and MRI short axis views and promising correlations were obtained (r ‫؍‬ 0.90 and r ‫؍‬ 0.85 for radial and circumferential strain, respectively). Therefore, ultrasound imaging, followed by 2D image tracking, provides an effective, low cost, mobile method to quantify murine cardiac function accurately and reliably. (E-mail: jh7fj@virginia.edu)
INTRODUCTION
The quantification of regional myocardial dysfunction serves as a valuable tool for the diagnosis and monitoring of myocardial infarction and heart failure. Quantification of left ventricular (LV) mechanical dyssynchrony can serve as a guide to cardiac resynchronization therapies (CRT) (Breithardt 2002; Bax 2004) . Thus, there is an increasing demand for noninvasive imaging modalities that are capable of accurately assessing cardiac mechanics and wall motion abnormalities.
The mouse is widely used as an animal model for investigating cardiovascular disease (Michael 1995) . Advances in transgenesis and gene targeting, combined with the sequencing of the mouse genome have greatly increased the utility of mice for determining how genetic factors influence cardiac disease and response to therapy . Prior studies have used transgenic and knock-out mice to investigate the role of specific genes in the pathophysiology of MI. Despite the sophistication of modern medical imaging techniques, mouse cardiac contractile function remains difficult to quantify, due to the small size (Ͻ 6 mm ϫ 8 mm) and rapid heart rate in mice (400 to 600 beats per min for mice under anesthesia, 550 to 700 beats per min for conscious mice). Additionally, the mouse species is widely preferred due to its low-cost and short reproductive cycle.
Various imaging modalities have been explored to assess small animal cardiac structure and function, including computed tomography (Gleason 1999) , positron emission tomography (Aboagye 2005 ) and single-photon emission computed tomography (Acton 2003) . However, these modalities have relatively low resolution and provide limited information regarding regional contractile function. Recently, studies have been reported using magnetic resonance imaging (MRI) to examine contractile function in the mouse heart (Epstein 2002) . MRI tagging (Zerhouni 1988) , MRI velocity-encoded imaging (Arai 1999; Streif 2003) and MRI displacement-encoded imaging using stimulated echoes (DENSE) have provided accurate and reliable tools for the analysis of regional contractile function in mice, both in 2D (Gilson 2004 ) and 3D (Gilson 2005) . MRI is currently recognized as the gold standard for the assessment of cardiac morphology and physiology (Shah 2005) . Although MRI has excellent spatial and contrast resolution, MRI scanners are expensive and have relatively slow data acquisition rates. In human MRI, subjects are frequently requested to hold their breath while the images are being acquired or respiratory gating is used during acquisition. The rate of image acquisition by MRI is also significantly slower than by ultrasound, with longer MRI acquisitions yielding higher signal to noise ratios (SNR). Therefore, although DENSE MRI has been used to precisely measure regional myocardial strain from end-diastole (ED) to end-systole (ES), apart from the cost issue, it still remains to be seen whether small animal MRI systems have the temporal resolution necessary to measure myocardial strain rate by DENSE in mice.
Echocardiography plays an indispensable role in cardiac imaging due to its real-time acquisition capabilities and ease of maneuverability. Echocardiography is also inexpensive in comparison to MRI-based techniques. Acquisition costs for MRI scanners are five to 10 times as high as for echocardiography systems. Additionally, infrastructure (specialized building) costs and operating costs are significant for MR scanners and insignificant for echocardiography systems.
In recent years, Doppler-based ultrasound imaging techniques, including tissue Doppler imaging and strain rate imaging, have made remarkable progress in the evaluation of regional contractile function (Sutherland 1994; Heimdal 1998; D'hooge 2000; Sebag 2005 ). These techniques have proven to be increasingly powerful tools for the assessment of cardiac function in mice (D'hooge 2004) . However, an intrinsic limitation of these Doppler techniques is that they are angle-dependent and only able to detect the motion component along the ultrasound beam. This angle-dependence limits the utility of Doppler techniques, especially in the short-axis view of cardiac images, where there is significant motion perpendicular to the ultrasound beam that cannot be detected by Doppler techniques. Two-dimensional radio-frequency (RF) data based tracking, operating on 1D kernels both along and perpendicular to the ultrasound beam, has proven to be applicable for sheep hearts (Langeland 2005) , but it requires a very high image frame rate to avoid aliasing, rendering it difficult to apply in the rapidly beating mouse heart. Two-dimensional speckle tracking on B-mode image sequences overcomes angledependency and provides the capability to measure radial, circumferential and longitudinal (on long-axis view images) components of myocardial motion. Speckle tracking-based myocardial strain calculation has been recently employed in human ultrasound studies (Leitman 2004; Amundsen 2006 ) and canine studies (Toyoda 2004) . However, to measure murine myocardial dynamics, it is necessary to use a higher resolution of spatial imaging and a higher effective frame rate than was employed in these earlier studies.
In this study, we present a high resolution 2D method for quantification of regional myocardial function in the mouse heart using speckle tracking on very fine resolution and high frame rate B-mode ultrasound images. This approach is angle-independent and has a relatively modest imaging frame rate requirement to avoid under-sampling effects. The ED-to-ES displacements and strains in mice hearts were measured using this method and the results were validated by comparing them with those derived from cardiac MRI.
MATERIALS AND METHODS

Mouse preparation
All the experiments in this study conformed to an animal protocol approved by the University of Virginia Animal Care and Use Committee. The mice used in this study were male C57BL/6 mice (8-to 10-wk old, body weight 22 to 28 g) purchased from Jackson Laboratories (Bar Harbor, ME, USA). A mouse model of reperfused MI was used, which approximates the contemporary clinical situation in which the majority of thrombosed coronary arteries are ultimately recanalized or bypassed. MI was induced by a 1-h occlusion of the left anterior descending (LAD) coronary artery followed by reperfusion, as described in . Briefly, the mouse was ventilated with an endotracheal tube and the chest was opened. Coronary artery ligation was achieved by passing a 7 to 0 silk suture beneath the LAD 2 to 3 mm inferior to the left auricle, then tightening it over a length of PE-20 tubing. After 60 min, the tubing was removed to achieve reperfusion and the chest was closed in layers. The endotracheal tube was removed once spontaneous breathing resumed. The mouse was allowed to recover from the operation for a day before imaging. This technique induces myocardial infarction in the apex and anterolateral walls of the mouse LV. The ultrasound and MRI imaging were performed one day after myocardial infarction (hereafter referred to as D1 post-MI).
During ultrasound scanning, the mouse was carefully maintained under light anesthesia by using an inhaled mixture of 1% isoflurane gas and atmospheric air. The mouse was placed supine on an electrical heating pad and a tensor lamp was used to provide additional heat. The mouse core temperature was monitored with a rectal temperature probe coupled to a digital thermometer and was maintained at 37.0 Ϯ 0.2°C so as to minimize heart rate variation throughout the procedure. ECG signals were obtained by contacting the mouse limbs, coupled with electrically conductive gel, to ECG elec-trodes integrated into the heating pad. The chest area and limbs were shaved and depilated to improve contact for the ultrasound transducer and ECG electrodes, respectively. Ultrasound gel was warmed to body temperature and applied to the skin carefully using a syringe to avoid the formation of air bubbles. Care was taken not to apply excess pressure onto the chest to avoid heart deformation. The mouse was kept in a similar condition during MRI scanning, except that circulating water, instead of a heating pad, was used to maintain body temperature.
Image acquisitions
Six mice underwent cardiac ultrasound scans at 24 h after experimental MI induced by coronary occlusion and five of these mice underwent cardiac MRI scans in the short axis view (MRI short axis images were not acquired from the sixth mouse due to technical difficulties). Two normal mice were also scanned as controls. Cardiac image sequences were acquired using a VisualSonics Vevo770 high-resolution ultrasound scanner (VisualSonics Inc., Toronto, Ontario, Canada) operated at 30 MHz, and possessing a Ϫ6dB fractional bandwidth of approximately 60%. The operating conditions used in our studies resulted in approximately 50 m Ϫ6dB axial resolution and 100 m Ϫ6dB lateral resolution.
This system is one of the few commercially available ultrasound scanners that provides both the high spatial resolution and high frame rate necessary to obtain optimal results from speckle-tracking analysis, although a small number of prototype small animal ultrasound systems have been reported recently (Anderson 2003; Aristizabal 2005; Liu 2006 ). Premium clinical scanners that have also been used for mouse cardiac imaging include the: Siemens Sequoia (Siemens Medical Solutions, Mountain View, CA) with the 15L8 transducer (Scherrer-Crosbie 1999), Philips SONOS 5500 (Philips Medical Systems, Andover, MA) (Dawson 2004) , and GE Vivid7 (GE Healthcare, Wauwatosa, WI) (Sebag 2005) . These scanners lack the spatial resolution of the Vevo scanner but are capable of sufficiently high frame rates (i.e., Ͼ100 frames/s). The techniques presented here can also be used on the Vevo scanner in non-EKV mode, i.e., real time at approximately 100 frames/s. During our investigations of the performance of the techniques on data possessing inferior spatial and temporal resolution (using the Vevo in real-time mode and using Sequoia data), the accuracy of the tracking estimates degraded.
B-mode ultrasound short-axis images were collected at the midventricular level and long-axis images were collected from the parasternal view. The field-ofview (FOV) was adjusted to maximize the display resolution of the region-of-interest (ROI). Image intensity was increased sufficiently high to illuminate the myocardial region to improve the SNR in this region. Image data acquired from multiple cardiac cycles were retrospectively assembled into a representative image sequence composed of over 100 images per cardiac cycle using the Electrocardiogram (ECG)-based Kilohertz Visualization (EKV) capability of the Vevo770 scanner (Cherin 2006) . The EKV images are synchronized with respect to the ECG signal. Individual A-line captures that are corrupted by respiratory motion are automatically detected and omitted from the reconstruction. The time necessary to collect one complete EKV short-axis data set was 2 to 3 min and the time to complete a single ultrasound session ranged from 15 to 30 min per mouse. The acquired image sequences were then transferred to a PC for off-line processing.
Immediately after the ultrasound imaging, the six post-MI mice and the two normal mice underwent MRI DENSE imaging on a 4.7 Tesla scanner (Varian, Palo Alto, CA, USA), using a custom-made Litz RF coil (Doty Scientific, Columbia, SC, USA). Scouting was first performed to select the short-axis, midventricular slice of the LV that best matched the slice imaged during the previous ultrasound study. For each mouse, DENSE imaging was conducted in short-axis and long-axis views, with each view producing two sets of ECGtriggered ES displacement (respective to the initial ED phase) encoded images in X and Y directions. The time required to perform the DENSE imaging was approximately 35 min for each of the short-axis and long-axis views. Each DENSE image possessed a FOV 30 mm ϫ 30 mm and comprised 128 ϫ 128 pixels. While it is possible to increase the resolution of the MRI image data, this could only be done at the expense of longer scan times or higher field strengths.
Data processing
The acquired B-mode ultrasound image sequences were transferred to a PC for off-line processing using the procedure shown schematically in Fig. 1 . Figure 1A is an example short-axis view of a high-resolution B-mode cardiac image. The first step was to identify the ROI, i.e., the myocardium, by manually contouring (via graphical user interface) the endocardial and epicardial borders (Fig. 1B) . Borders were contoured once every 20 image frames starting from the end-diastolic frame for each set of 100 to 110 images that defined a complete cardiac cycle. For the remaining image frames, borders were derived by linearly interframe interpolating between the manually contoured borders. In the second step, the ROI was populated with 2D pixel blocks for motion tracking (Fig. 1C) . Myocardial tissue displacement was estimated by matching the 2D pixel blocks between each pair of image frames under investigation. Although the blocks shown in this figure are not overlapping (for clarity of display), the blocks for adjacent motion estimates were placed such that they overlapped by 75%, yielding an improved density of tracking blocks and, thus, an improved perceived spatial resolution of resultant displacement fields. Subsequently, 2D pixel block-matching (speckle tracking) was performed on the image sequence (Fig. 1D) .
Tissue displacement in the axial and lateral directions between a pair of subsequent image frames was estimated by translating the block over a predefined search region to find the best match determined, using MSAD (Friemel 1995) , as the match criterion. A tracking pixel block size of approximately 0.2 mm ϫ 0.2 mm was used here. The centers of adjacent search blocks were spaced on a 50 ϫ 50 m grid resulting in 75% overlap between adjacent pixel blocks. The pixel dimensions were approximately 15 m across. Tracking resolution in axial and lateral directions was improved by fitting a parabola to the SAD values surrounding the detected MSAD point to estimate the actual minimum to subpixel resolution in both axial and lateral directions. The 2 error of the displacement estimates was examined in vitro using a phantom test and was found to be approximately 2.6% in the axial direction and 5.3% in the lateral direction. An in vivo determination of displacement error was not attempted due to the difficulty of obtaining an appropriate set of reference values.
The current MSAD implementation is highly computationally-efficient and compatible with Intel (Intel Corp., Santa Clara, CA, USA)/AMD (Advanced Micro Devices, Inc., Sunnyvale, CA, USA) Single-instruction multiple-data (SIMD) processing, which performs operations on either 8 or 16 pixels in parallel (depending on whether a 32 bit or newer 64 bit processor is being used).
In the MSAD tracking, the pixel block size (200 m/15 m per pixel Ϸ 13.3 pixels) was rounded to 16 pixels ϫ 16 pixels (the nearest integer multiple of 8 pixels) to facilitate the 8-pixel parallel processing. The use of SIMD commands embedded in Cϩϩ code enabled us to achieve a processing speed of 0.11 s per frame (400 ϫ 400 pixels) on a 2.9 GHz, 2 GB RAM Intel Pentium IV processor. Alternative match criteria, such as cross-correlation or sum of squared differences, could also be used if desired. However, MSAD yields performance similar to that obtained using cross-correlation at a lower computational cost (Friemel 1995) . Meanwhile, since MSAD uses differences between data sets, it is more susceptible to degradation when image SNR is low. Thus, the echo images must possess high electronic SNR to be suitable for MSAD processing.
The frame-to-frame displacement map of tissue elements was represented by vectors with X and Y displacement components on a 2D grid. For each time step, the 2D grid location of the origin for a particular blockmatching search was obtained from the displacement estimate in the previous time step to track, as accurately as possible, the same tissue element throughout the cardiac cycle. A cumulative displacement map was obtained by summing the frame-to-frame displacements from the end-diastolic starting point. A 3 ϫ 3 Gaussian 2D filter was applied to the displacement maps to smooth the displacement estimates and reduce the impact of "outlier" estimates. Similarly, filtering was applied to successive frames, where a 1D 5-tap median filter was applied to the image sequences for a cardiac cycle comprised of over 100 image frames.
A metric for determining the cumulative tracking error is the ratio of the observed net displacement (d) of each anatomic tissue element to the total path length (l) through a complete cardiac cycle. This metric is based on the observation that the net displacement of each tissue element over a complete cardiac cycle should be zero, because the heart does not exhibit net displacement from one cardiac cycle to the next. The d/L ratio ranges from 0 to 1, where a perfect tracking yields a d/L value of 0. The d/L ratio is a suitable metric to determine cumulative tracking error in our studies because the heart rate remains relatively stable during the imaging session. The mean heart rate for all image acquisitions was 568 Ϯ 31 bpm for normal mice and 550 Ϯ 48 bpm for mice with MI. However, each EKV scan took less than 200 s for a short-axis scan and less than 300 s for a long-axis scan. The heart rate variation during each EKV acquisition (2 to 3 min duration) was maintained below Ϯ 5 bpm for normal mice and Ϯ 10 bpm for post-MI mice. Hence, the average error in time over a complete cardiac cycle was less than 1% for the normal mice and less than 2% for the post-MI mice.
Strain calculation
We computed Lagrangian strains in this study, following the convention in previous studies of myocardial displacement (D'hooge 2000; Epstein 2002; Gilson 2004) . The strain vector (E) was computed in each 4-pixel neighborhood in the 2D displacement field by isoparametric formulation using quadrilateral elements (Moaveni 1999) . The radial strain (E rr ) and circumferential strain (E cc ) component of E were computed by vector projection relative to the epicardial center of mass. E rr of a tissue segment indicates the thickening of this segment in the radial direction (toward the centroid of the epicardium) with respect to the initial thickness. E cc of a tissue segment indicates the change in arc length with respect to the initial arc length.
In most hearts, E rr accounts for a greater part of the overall myocardial deformation than the other strain components and, thus, was used as the primary measurement of myocardial function in this study. Sectional E rr , defined as the mean E rr of all the tissue segments within a given myocardial sector, was measured at all cardiac phases from ED to ES. A standardized six-segment model (Cerqueira 2002 ) of the midventricle in the shortaxis view was used in our analyses. In this report, all statistical values are mean Ϯ 1 SD.
Validation with MRI
MRI DENSE images acquired from the same mice were processed to quantify regional myocardial strain to validate the proposed ultrasound-based method. Displacement vectors and radial and circumferential strains were calculated from MRI images as described previously (Gilson 2004) . Briefly, the X-direction and Ydirection components of displacement of each pixel from ED to ES were reconstructed from the raw MRI data. Then the Lagrangian strain tensor E was calculated using isoparametric formulation using quadrilateral elements and strain components E rr and E cc were derived by vector projection relative to the epicardial center of mass.
The agreement between the ultrasound-based and MRI-based measurement methods was examined using Bland-Altman analysis (Bland 1986) . The E rr and E cc strain maps measured using ultrasound and MRI were compared using short-axis images positioned at the midventricular level of the LV. The short-axis LV images, obtained using each modality, were divided into 32 equiangular sectors and the mean magnitudes of E rr and E cc values within each sector were calculated. The agreement between the two methods was assessed by calculating the difference between the two methods for the 32 measurements on each of five post-MI mice and two normal mice. The mean difference and 95% confidence interval (calculated as mean Ϯ 2 SD) were then estimated relative to the mean measurement of both methods. In one of the five post-MI mice, eight measurements in the septal region representing one-fourth of the LV circumference were excluded from the comparison because of signal drop out due to rib shadows in this region.
In addition, the correlation between the MRI and ultrasound measurements of E rr and E cc and the leastsquares fit linear regression of the measurements from the two methods, were also calculated using the five post-MI mice and two normal mice. The correlation coefficient was calculated as:
where Ͻ ·,· Ͼ represents inner product, U and V are vectors containing the mean strain magnitudes of the 32 sectors measured with MRI and ultrasound and ʈ·ʈ gives the Euclidean norm.
RESULTS
The results of the displacement analysis performed on cardiac ultrasound images from healthy mice were consistent with those from the corresponding analysis performed on cardiac MR images, demonstrating relatively uniform displacement throughout the LV (Fig. 2) . The ED-to-ES displacements were calculated for the myocardial tissue elements at each 2D grid point and the magnitudes and directions of the resultant displacement vectors for each tissue element were represented by arrows ( Fig. 2A and 2B) . The radial components of the ED-to-ES displacements from both MRI and US analyses were extracted and displayed in a color gradient map, with radially inward displacement defined as positive and outward as negative ( Fig. 2C and 2D ). The arrow lengths and color gradient were scaled from 0 to the maximum magnitude of displacement over the entire image sequence.
Assessment of ED-to-ES displacements from D1 post-MI mouse hearts revealed significantly reduced displacement in infarcted areas of the anterolateral wall, as illustrated by the displacement maps obtained from both the long-axis view (Fig. 3A and 3B ) and the midventricular, short-axis view ( Fig. 3C and 3D) .
Calculated displacement maps were superimposed onto the original ultrasound image sequences, as shown in Fig. 4 , allowing each displacement vector to be visually compared with the underlying image data.
The 2D ED-to-ES E rr and E cc maps were compared in the midventricular, short-axis view from the ultrasound and MR images. By convention, normal E rr values are positive and normal E cc values are negative, since they describe wall thickening (in the radial direction) and wall shortening (in the circumferential direction), respectively. Contractile dysfunction in the D1 post-MI mouse hearts is evident in the ultrasound analyses and is consistent with the results derived from MRI (Fig. 5) . A 5 ϫ 5 pixel 2D Gaussian filter was applied to smooth the strain maps derived from both imaging modalities.
Linear regression analysis of the E rr and E cc values measured by MRI and ultrasound yielded y ϭ 0.87x ϩ 0.024 and y ϭ 0.81x Ϫ 0.022, respectively. The correlation coefficients calculated using eqn 1 were r ϭ 0.90 (p Ͻ 0.001) for E rr and r ϭ 0.85 (p Ͻ 0.001) for E cc in this study population (Fig. 6A and 6B ). Different markers were used in the graphs to differentiate data points from the individual mice. The least-squares fit of a Bland Altman analysis of the E rr measured using the two modalities yielded y ϭ 0.06x Ϫ 0.009, where x is the average E rr of the measurements by MRI and ultrasound and y is the difference between them. The 95% confidence interval was Ϫ0.050 to 0.058 (Fig. 6C) , with the E rr values ranging from 0 to 0.5. For the E cc measurements, a similar fit of the Bland Altman analysis produced y ϭ 0.09x ϩ 0.012 and the 95% confidence interval was Ϫ0.023 to 0.029 (Fig. 6D) , with the E cc values ranging from Ϫ0.2 to 0. All graphs show a good agreement between the two methods, with 95% of the ultrasound measurements within 10% to 12% of the MRI values for E rr and within 11% to 15% of the MRI values for E cc . While every effort was made to maintain comparable conditions between the two imaging sessions, note that real differences between the cardiovascular states of the mice during the ultrasound and MR imaging sessions may also have contributed to the differences observed in E cc and E rr between the two modalities.
Notice that in this statistical analysis, the data were clustered (224 observations total from seven mice, including five post-MI mice and two normal mice, 32 observations per mouse). Due to the small number of mice, their different physiological conditions, and the inherent relatedness of the observations within a mouse, i.e., intracluster correlation coefficient, the effective sample size of the experiment was actually smaller than 224 (Kerry 1998; Killip 2004) . (When taking into account the intracluster correlation coefficient, the effective sample size, calculated using the formula in (Killip 2004 ) is approximately 58 and 87 for E rr and E cc measurements, respectively.)
The standardized six-segment model (Cerqueira 2002) of the midventricle in the short-axis view was used for the strain analyses. In the normal mice studied using ultrasound, the time course of E rr over a cardiac cycle exhibited similar patterns and relatively uniform magnitudes in each of the myocardial sectors (Fig. 7) . The ultrasound results were consistent with the results of the de facto gold standard (cardiac MRI). The difference between the peak radial strains in all six sectors measured by ultrasound and MRI was within 10% of the values measured by MRI.
The same assessment of E rr was performed on D1 post-MI mice, as illustrated in Fig. 8 . Measured from ultrasound images, E rr in noninfarcted septal regions was only approximately 10% lower than in normal mouse hearts. However, in the infarcted anterolateral sectors, E rr was significantly reduced by 80% to 90%. The anterior and posterolateral sectors (bordering the infarcted region) showed a reduction of approximately 50% in E rr . Fig. 3 . ED-to-ES displacement maps for a D1 post-MI mouse heart in long-axis view (top: lateral wall, bottom: septum) using MRI (A) and ultrasound (B); and in the midventricular, short-axis view of another D1 post-MI mouse heart (left: septum, right: lateral wall, top: anterior wall, bottom: posterior wall), using MRI (C) and ultrasound (D). In both the MRI and ultrasound assessments, defects in contraction were evident in the lateral wall in the long-axis view and in the anterolateral segment in the short-axis view (indicated by large arrows) These measurements were consistent with those obtained using MRI (Table 1) . Greater variance in strain measurements was observed with ultrasound imaging than with MRI. However, the mean values were comparable between the two modalities and the regional contractile dysfunction resulting from myocardial infarction in the Fig. 5 . ED-to-ES E rr strain maps from a D1 post-MI mouse heart using MRI (A) and ultrasound (B). ED-to-ES E cc strain maps from the same mouse heart using MRI (C) and ultrasound (D). The orientation is the same as in the short-axis views shown in Fig. 3 and Fig. 4 . In both the E rr and E cc maps, defects in contraction are observed in the anterolateral LV (as indicated by arrows). murine heart was clearly evident in the ultrasound strain analysis. Finally, the trajectories of the 2D pixel blocks from the ultrasound image sequences were tracked over a complete cardiac cycle. The resulting trajectories were superimposed onto the original B-mode images to reveal the relationship between anatomy and regional function (Fig. 9) . The maximum cumulative tracking error d/L (d and l as defined in the Materials and Methods section) was 12% and the mean error was less than 5%.
Maximum systolic velocity (V max ) and maximum systolic strain rate (SR max ) of myocardial tissue were measured in the midventricular short-axis view from healthy mice and from the infarcted and noninfarcted regions in post-MI mice. A V max of approximately 28.4 Ϯ 5 mm/s was measured throughout healthy mouse hearts, 25.6 Ϯ 5 mm/s was measured in the noninfarcted regions of post-MI mouse hearts and 0 to 4 mm/s was measured in the infarcted regions. SR max was approximately 24 Ϯ 6 s Ϫ1 in healthy mouse hearts, 21 Ϯ 7 s Ϫ1 in noninfarcted regions of the post-MI mouse hearts and lower (0 to 5 s
Ϫ1
) in infarcted regions. These results are in a good agreement with previous measurements made using the tissue Doppler method (D'hooge 2004) . In this study, the V max was 31 Ϯ 6 mm/s, and the SR max was 27 Ϯ 7 s Ϫ1 for normal, wild-type mice in the posterior wall, where the motion is parallel to the ultrasound beam.
DISCUSSION
Automated displacement tracking in the LV facilitates the assessment of several important features of cardiac function, such as myocardial strain, local tissue velocity and regional strain rate. We have demonstrated the feasibility of a new approach to the quantification of regional myocardial displacement using 2D speckle tracking in high resolution B-Mode ultrasound images. This technique has advantages over tissue Doppler, since it does not require a specialized imaging mode and is equally accurate throughout the imaged area of myocardium. Our initial implementation of the 2D speckle tracking method does not rely on RF data, which provides versatility, since it can be applied on most B-Mode image sequences. However, the B-Mode data also possesses high SNR due in part to filtering and proprietary nonlinear processing algorithms, which are applied to the data before display. In the future, we plan to refine this method by directly accessing the high resolution RF data. We also plan to replace manual segmentation of the endocardial and epicardial boundaries using automated image processing-based techniques (Yu 2001) .
Our initial results using ultrasound imaging demonstrate promising correlations with measurements obtained from cardiac MRI: r ϭ 0.90 for the radial strain component and r ϭ 0.85 for the circumferential strain component. Therefore, the proposed ultrasound-based approach may prove to be a viable alternative to MRI for the detection of abnormalities in strain and strain rate (either systolic or diastolic) in murine models of myocardial infarction and LV remodeling. In addition, the ultrasound-based approach has the merits of being quick and inexpensive, which improves its capability to support serial studies on large numbers of study groups in parallel. Moreover, it can provide displacement measurements of the LV at a multitude of cardiac phases, which enables it to detect subtle dynamic changes in strain rate that take place in the LV after MI.
Signal dropout and reverberations caused by the ribs (typical problems confronting transthoracic cardiac Fig. 8 . Time evolution of E rr throughout a cardiac cycle in six myocardial sectors from a D1 post-MI mouse heart assessed using ultrasound. The magnitude of E rr remains relatively unaffected in the posterior and posteroseptal walls, while the infarct region and its border zones exhibit a remarkable decrease in E rr . ultrasound imaging) impact the effectiveness of the tracking algorithm. Since the block matching algorithm searches for the proper offset by comparing the sum of absolute differences of pixel values of corresponding blocks in subsequent frames, it is subject to low SNR in areas with significant signal dropout. Similarly, at locations where rib reverberation causes high image intensity, tracking performance is adversely affected. One possible approach to avoiding rib reverberation is to scan the mouse heart through various acoustic windows and concatenate the images of different segments to compile images that completely encompass the heart. Alternatively, one might overcome the rib reverberation by using a model-based approach. For example, the facts that the endocardium and epicardium are approximately coaxial and circular in shape can be utilized and a regularization term can be used to constrain effects caused by signal dropout or other artifacts. Accumulated drift introduced by respiratory motion can also lead to motion tracking bias. However, this problem is addressed by the EKV option on the Vevo770, which automatically excludes those cardiac cycles affected by respiratory motion from the final, retrospectively assembled image sequence.
In this study, we used a speckle tracking algorithm to determine regional E cc and E rr in selected 2D shortaxis images of the mouse heart. This 2D analysis of midventricular, short-axis image sets proved adequate to validate the experimental approach using cardiac MRI. However, more complete models of myocardial displacement and strain can be derived by performing this same analysis on contiguous, 1 mm-thick, short-axis images spanning the heart from apex to base.
In conclusion, this study presents a method to assess regional myocardial function in the mouse heart using high resolution ultrasound imaging followed by 2D image processing. Myocardial strains (both E cc and E rr ) obtained by this method exhibited good correlation with respect to assessments made by MRI in both healthy mice and post-MI mice. Other metrics of regional cardiac function, such as regional strain-time curves, maximum systolic velocities and maximum systolic strain rates, were also derived from the displacement analyses. This method tracks myocardial displacement on ultrasound B-mode image sequences and, thus, possesses the potential to be applied to existing gray-scale image sequences. In addition, the approach is compatible with mechanically-scanned ultrasound systems, whereas color Doppler processing is often incompatible with mechanically scanned systems. By using SIMD commands to accelerate the MSAD algorithm, this approach provides the potential for near real-time processing in ultrasound systems. The method proposed in this paper provides a highly efficient and accurate approach to analyze myocardial strain and strain rate in small animals and can be readily extended to human cardiac examination.
